ZNF313 encoding a zinc-binding protein is located at chromosome 20q13.13, which exhibits a frequent genomic amplification in multiple human cancers. However, the biological function of ZNF313 remains largely undefined. Here we report that ZNF313 is an ubiquitin E3 ligase that has a critical role in the regulation of cell cycle progression, differentiation and senescence. In this study, ZNF313 is initially identified as a XIAP-associated factor 1 (XAF1)-interacting protein, which upregulates the stability and proapoptotic effect of XAF1. Intriguingly, we found that ZNF313 activates cell cycle progression and suppresses cellular senescence through the RING domain-mediated degradation of p21 WAF1 . ZNF313 ubiquitinates p21 WAF1 and also destabilizes p27 KIP1 and p57 KIP2 , three members of the CDK-interacting protein (CIP)/kinase inhibitor protein (KIP) family of cyclin-dependent kinase inhibitors, whereas it does not affect the stability of the inhibitor of CDK (INK4) family members, such as p16
Recent studies showed that ZNF313 is an ubiquitin ligase, which binds polyubiquitin through the C-terminal ubiquitininteracting motif (UIM) and exerts E3 ligase activity via the N-terminal RING domain. 4, 5 The ZNF313 gene is located at human chromosome 20q13.13, which displays a frequent genomic amplification in many types of malignancies, including cervical, gastric and colon cancer. 3, 6, 7 Moreover, the ZNF313 gene was identified to be amplified and its expression level is elevated in patients with psoriasis, an immune-mediated skin disease. 4, [6] [7] [8] In addition, ZNF313 expression is reduced in testes of azoospermic patients compared with fertile adult testes, suggesting that it may have a role in normal spermatogenesis and male fertility. 3 These findings thus suggest that ZNF313 is involved in many aspects of cellular processes and its alteration is implicated in the pathogenesis of various human diseases, including chronic inflammation, infertility and tumorigenesis. Nevertheless, the biological function of ZNF313 and the molecular mechanism underlying its action remained largely undefined.
The transition between cell cycle phases of eukaryotic cells is an ordered set of events that was governed by cyclindependent kinases (CDKs), which are activated by cyclin binding and inhibited by CDK inhibitors. CDK protein levels show no significant change during the cell cycle and their activities are regulated mainly through expression and degradation of cyclins and CKIs. 9 The CDK inhibitor can be divided into two families. The four members of the inhibitor of CDKs (INK4) family -p16  INK4A , p15   INK4B   , p18  INK4C and  p19 INK4D -specifically bind CDK4 and CDK6 and prevent their association with D-type cyclins. The three members of the CDK-interacting protein (CIP) or kinase inhibitor protein (KIP) family -p21 CIP1/WAF1 , p27 KIP1 and p57 KIP2 -form heterotrimeric complexes with the G1/S CDKs and control a broader spectrum of cyclin-CDK complexes. 10, 11 The release of cells from a quiescent state (G0) leads to entry into the first gap phase (G1), followed by DNA replication in the synthetic phase (S), the second gap phase (G2) and mitosis phase (M). When G1-to-S transition of the cell cycle is disturbed, cells can be arrested temporarily (quiescence) or permanently (senescence). 12 XIAP-associated factor 1 (XAF1) is a tumor suppressor gene, which is ubiquitously expressed in all normal tissues, but absent or present at very low levels in many human cancers because of aberrant promoter hypermethylation. [13] [14] [15] [16] XAF1 was originally identified as a nuclear protein that could bind and interfere with anticaspase function of XIAP by sequestering XIAP protein to the nucleus. 13 XAF1 was also identified as an interferon (IFN)-stimulated gene that contributes to sensitization of cells to TNF-related apoptosisinducing ligand (TRAIL)-induced apoptosis. [17] [18] [19] We previously reported that XAF1 enhances p53 protein stability and its proapoptotic activity is attenuated in p53-deficient cells, suggesting its involvement in apoptotic signaling of p53. 16 Despite accumulating evidence supporting tumor suppressive role of XAF1, the molecular basis for its function has been poorly understood.
Results
Identification of ZNF313 as a XAF1-stabilizing protein.
As an attempt to identify XAF1-interacting proteins, we initially performed a yeast-two hybrid analysis. Among 121 positive colonies detected, 36 (29.8%) represented ZNF313 (Supplementary Figures S1a-d) . The XAF1-ZNF313 interaction was confirmed by immunoprecipitation and GST pull-down assays (Figures 1a-c) . XAF1 protein level was down-and upregulated by depletion and elevation of ZNF313, respectively, and XAF1-reducing effect of three different siZNF313s showed an association with ZNF313 knockdown efficiency (Figure 1d and Supplementary Figure  S1e) . A cycloheximide chase experiment revealed that the half-life of XAF1 protein is increased and decreased by expression and depletion of ZNF313, respectively ( Figure 1e and Supplementary Figures S1f and g ). Moreover, XAF1 ubiquitination was increased by ZNF313 depletion, indicating that ZNF313 enhances XAF1 stability by protecting its ubiquitination (Figure 1f ). It was also found that the N-terminal RING domain of ZNF313 is essential for its binding to XAF1 (Figure 1g ). The critical role for the RING domain in the interaction with XAF1 was validated using a RING mutant (RING-MT), which has C-to-G sequence replacement at codons 29 and 32 ( Figure 1h ). As predicted, both degradation and ubiquitination of XAF1 were not protected by the RING-MT (Figures 1i and j) . These results indicate that ZNF313 protects XAF1 from ubiquitination and degradation through the RING domain-mediated interaction.
ZNF313 is a novel cell cycle activator with proapoptotic potential. We evaluated the effect of ZNF313 on XAF1's proapoptotic function. ZNF313 depletion led to a significant reduction of XAF1's ability to enhance cellular response to apoptotic stresses, such as TRAIL, etoposide and 5-FU (Figure 2a ). In the absence of stresses, XAF1-induced apoptosis was also down-and upregulated by depletion and elevation of ZNF313, respectively (Figure 2b and Supplementary Figure S2a) . Moreover, overexpression of ZNF313 itself triggered apoptosis, which was evident by increased cleavage of caspase-3 and PARP (Figures 2b  and c ). ZNF313 induction of apoptosis was also seen in XAF1-depleted T98G cells (Supplementary Figure S2b) . These results show that ZNF313 elevation could induce apoptosis in both XAF1-dependent and -independent ways. Next, we defined the possible role for ZNF313 in cell cycle regulation. Ectopic expression of ZNF313 facilitated a G1-to-S transition of the cell cycle followed by apoptosis induction, while its depletion caused a G1 arrest (Figure 2d ). The G1 arrest-inducing effect of three siZNF313s also correlated with ZNF313 knockdown efficiency (Supplementary Figure S2c) . Moreover, the G1 arrest induced by siZNF313-3, which targets the 3 0 -untranslated region of the transcript, was rescued by co-transfection of WT-ZNF313 (Figure 2d and Supplementary Figure S2d) . In addition, ZNF313-depleted cells showed enhanced G1 arrest response to various therapeutic agents, including etoposide, camptothecin and g-IR, whereas ZNF313-overexpressing cells displayed attenuated G1 arrest response, which is linked to increased apoptosis ( Figure 2e ). These findings indicate that ZNF313 has a mitogenic function and that its deregulation can disturb cell cycle control mechanism and thus influence cellular response to stresses. Indeed, we observed that either depletion or overexpression of ZNF313 greatly decreases colony-forming ability and xenograft tumor growth of HCT116 (Figures 2f and g ).
ZNF313 is a negative regulator of cellular senescence. To understand the molecular basis for the cell cycle regulation by ZNF313, we further defined its effect on cellular growth. Intriguingly, we found that ZNF313 depletion triggers cellular senescence in various human cancer cells (Figure 3a and Supplementary Figure S3a) . Moreover, ZNF313 expression was substantially lower in senescent versus young cells and its level correlated inversely with the replicative senescence of mouse embryonic fibroblast (MEF) and human fetal lung fibroblast (IMR90) (Figure 3b ). It was also observed that adriamycin-induced senescence of MCF7 cells is accompanied with ZNF313 reduction and that basal senescence is suppressed and stimulated by elevation and depletion of ZNF313, respectively (Figures 3c and d) . Similarly, adriamycin-or g-IR-induced senescence of HCT116 cells was downand upregulated by WT-ZNF313 and siZNF313, respectively (Figure 3e ). ZNF313 inhibited basal or adriamycin-induced senescence in the presence or absence of XAF1 expression (Figures 3f and g ). Both p53 þ / þ and p53 À / À sublines of HCT116 exhibited clear induction of senescence after ZNF313 depletion (Supplementary Figure S3b and c) . These results indicate that ZNF313 is a negative regulator of cellular senescence and its reduction promotes senescence in a XAF1-and p53-independent manner.
ZNF313 is a specific antagonist of the CIP/KIP family members of CDK inhibitors. We tested the possibility that ZNF313 regulates p21 WAF1 and p16
INK4A
, which have key roles in cellular senescence. [20] [21] [22] [23] ZNF313 depletion resulted in a dramatic increase in p21 WAF1 but did not affect the p16
INK4A level (Figure 4a ). Elevation of p21 WAF1 protein 
and HT1376 cells harboring the premature termination mutation of the p21 WAF1 gene was not promoted by ZNF313 depletion. 24, 25 However, its senescence-enhancing activity was restored when p21 WAF1 is re-expressed in these cells ( Figure 4d and Supplementary Figure S4b Figure S4f) . 26, 27 These results indicate that ZNF313 is a specific inhibitor of the ZNF313 promotes ubiquitination and degradation of p21 WAF1 . Next, we analyzed p21 WAF1 -moduating effect of ZNF313. ZNF313 depletion resulted in a marked increase in p21 WAF1 protein stability (Figure 5a ). To ascertain whether this effect stems from its presumed ubiquitin ligase activity, we tested that ZNF313 has an E3 ligase function by evaluating its self-ubiquitination activity utilizing various E2 enzymes. ZNF313 was polyubiquitinated in the presence of UbcH5a, UbcH5b and UbcH5c, but only monoubiquitinated in the presence of UbcH6 (Figure 5b and Supplementary Figure  S5a) . The RING domain was required for its E3 ligase function, while the UIM domain has a role in polyubiquitination (Supplementary Figure S5b) . Consistently, ZNF313 depletion attenuated p21 WAF1 ubiquitination, while RING-MT fails to destabilize p21 WAF1 , indicating that the RING domain is crucial for ZNF313-induced p21 WAF1 degradation (Figures 5c-e) . As predicted, RING-MT also failed to suppress cellular senescence induced by adriamycin or g-IR in HCT116 cells (Figure 5f ). These findings thus indicate that ZNF313 is a novel ubiquitin E3 ligase for p21 WAF1 .
ZNF313 stimulates a G1-to-S phase transition of the cell cycle. To address the role for ZNF313 in cell cycle regulation, we initially determined its expression pattern during cell cycle progression using cell cycle arrest by serum withdrawal (G1), double thymidine block (S) and nocodazole (G2/M). We found that ZNF313 expression is low at the G1 phase but very high at the S and G2/M phase, suggesting that its elevation may drive a G1-to-S transition of the cell cycle (Figure 6a and Supplementary Figures S6a and b) . To clarify this, HeLa cells were synchronized at the M phase by thymidine-nocodazole-mitotic shake off method and ZNF313 level was measured at 3-h interval following serum re-addition (Supplementary Figure S6c) . ZNF313 expression was reduced during an M-to-G1 transition and maintained at low level at early and mid-G1 phase (Figure 6b ). ZNF313 started to be increased at late G1 phase and showed the highest level during the S phase followed by slow reduction at the G2/M phase. ZNF313 expression showed an inverse correlation with those of p21 WAF1 and p27 KIP1 through the entire cell cycle. The inverse correlation was also observed in HCT116 cells released from G1 synchronization (Supplementary Figure S6d ). The G1-to-S transition was facilitated by ectopic expression of ZNF313 but substantially blocked by its depletion in various tumor cells (Supplementary Figure S6e) .
We tested whether ZNF313 has a role in growth factorinduced cell proliferation. ZNF313 expression was induced by EGF, IGF-1 and FGF, and its induction level was associated with cellular responsiveness to growth factors (Figure 6c and d and Supplementary Figure S6f) . In serum-starved A549 cells, ZNF313 was rapidly increased following serum addition and its elevation was maintained up to 15 h, whereas p21 WAF1 was initially upregulated in response to serum addition and subsequently decreased (Figure 6e ). In contrast, in ZNF313-depleted cells, p21 WAF1 elevation was sustained up to 24 h and cyclin D1 induction was markedly delayed, indicating that the ZNF313 activation and consequent p21 WAF1 reduction is crucial for cell cycle progression by growth factors. Consistently, in M phasearrested HCT116 cells, a G1-to-S transition by serum addition was profoundly delayed by ZNF313 depletion, but this effect was greatly weakened in p21 À / À subline (Figure 6f ). These results show that ZNF313 expression is tightly controlled during the cell cycle and its elevation and subsequent p21 WAF1 degradation at late G1 phase is critical for a G1-to-S transition of the cell cycle.
ZNF313 is reduced in differentiation process and elevated in cancer cells. Next, we tested whether ZNF313 is involved in the regulation of cellular differentiation. In myotube formation process of C2C12 myoblasts, ZNF313 was decreased continuously, while p21 WAF1 was increased up to 5 days after horse serum addition (Figure 7a ). An immunohistochemical analysis of developing mouse cerebellum also showed that ZNF313 is barely detectable in Figures 7b and c) . In contrast, p21 WAF1 was detectable in embryonic cells but down-and upregulated at P7 and P30, respectively. An inverse correlation between ZNF313 and p21 WAF1 was also detected in cerebellar lobe and lateral vestibular nucleus (Supplementary Figure S7a) . These findings show that ZNF313 reduction and concomitant p21 WAF1 elevation are associated with cerebellar differentiation. Figure S7b) . However, nucleotide sequence substitutions of the gene were not found in cancer cells. We next characterized ZNF313 expression in a series of primary and metastatic tumors (Figures 7e and f) . In normal breast and colonic epithelial cells, ZNF313 was detected both in the nucleus and cytoplasm, while p21 WAF1 was localized predominantly in the nucleus. Interestingly, substantial fraction of cancer specimens (35 of 50 (70%) breast and 41 of 50 (82%) colon cancers) we tested displayed strong cytoplasmic positivity of ZNF313, which was accompanied with reduced nuclear expression, suggesting that the (Table 1) . Although numbers of specimens examined were small, the strong cytoplasmic positivity of ZNF313 was more common in advanced versus early cancers and metastatic versus primary tumors (Figure 7e and f). These observations thus suggest that ZNF313 may have a role as a negative regulator of cellular differentiation and its altered expression contribute to the malignant transformation and/or progression of epithelial tumors.
Discussion
In this study, we identified ZNF313 as a XAF1-interacting protein, whose elevation promotes apoptosis through a XAF1-dependent or -independent mechanism. Our study also shows that ZNF313 facilitates cell cycle progression and its elevation is associated with tumor progression, suggesting its oncogenic property. The growth-promoting and apoptosisinducing effects of ZNF313 and its tumor-associated elevation raise the possibility that apoptosis evoked by ZNF313 might be linked to its mitogenic property, as known by the so-called 'oncogene-induced apoptosis'. It is thus conceivable that aberrant cell proliferation or the disturbance of cell cycle regulation by abnormal activation of ZNF313 could provoke stress signaling, which is accompanied with enhanced XAF1 stability by increased complex formation with ZNF313. In this context, frequent epigenetic inactivation of XAF1 observed in various types of human cancers may provide both survival and selective growth advantages for ZNF313-overexpressing tumor cells. [13] [14] [15] [16] [17] [18] XAF1 is activated by IFN and its activation increases cellular sensitivity to IFN-and TRAIL-induced apoptosis. [17] [18] [19] ZNF313 has been shown to be induced by type I IFN and regulates a positive feedback loop leading to the production of IFN. [17] [18] [19] ZNF313 was also reported as a positive regulator of the RIG-1/MDA5 innate antiviral response, suggesting its implication in epithelial inflammation and the pathogenesis of immune-mediated conditions. 7 Our finding thus strongly suggests that ZNF313 and XAF1 may cooperate for the regulation of IFN signaling. The p53 tumor suppressor is induced in response to viral infections as a transcriptional target of type I IFN signaling and contributes to innate immunity by enhancing IFN-dependent antiviral activity. 28, 29 IFNa/b signaling also contributes to boosting p53 responses to stress signals and p53 activated in virally infected cells evokes an apoptotic response. It is worth noting that XAF1 can enhance p53 stability and its apoptotic activity. 16, 30 Interestingly, our data show that ZNF313 has an apoptosisinducing function and its elevation greatly enhances cellular response to apoptotic stresses. Therefore, our data raise the possibility that the ZNF313-XAF1 complex might have a role in antiviral defense by contributing to the p53-dependent enhancement of IFN signaling.
Recent studies demonstrated that the N-terminal RING domain of ZNF313 has an E3 ligase activity and its C-terminal UIM can bind polyubiquitin. 4, 5 However, intracellular targets for ZNF313 have not been identified yet. We observed that ZNF313 destabilizes p21 WAF1 , p27 KIP1 and p57 KIP2 but not the INK4 family members of the CDK inhibitors, and this effect is abolished by a mutation of the RING domain, confirming that the RING domain is critical for its E3 ligase function. ZNF313 expression is tightly regulated during the cell cycle and its elevation is linked to p21 WAF1 degradation and a G1-to-S transition of the cell cycle. Moreover, ZNF313 is activated by multiple growth factors and its depletion profoundly attenuates their mitogenic effect. Many mitogenic factors and signaling molecules evoke their effects by modulating p21 WAF1 protein stability. Transforming growth factor (TGF)-b and bone morphogenetic protein 2 inhibits colon cell growth through enhancing p21 WAF1 stability, while JUN amino-terminal kinase 1 promotes growth arrest by inhibiting p21 WAF1 ubiquitination. [31] [32] [33] In this light, our finding leads to the conjecture that oncogenic growth factors may downregulate the protein stability of p21 WAF1 , p27 KIP1 or p57 KIP2 via ZNF313 induction and their tumor-promoting effect could be further intensified in ZNF313-elevated cells. In addition, ZNF313 was found to inhibit cellular senescence in a p21 WAF1 -dependent manner, while its blockade accelerates cellular senescence in p21 WAF1 -intact cells but not in p21 WAF1 -deficient cells. Collectively, these indicate that ZNF313 is a novel E3 ligase for p21 WAF1 , which antagonizes p21 WAF1 -mediated cell cycle inhibition and cellular senescence. P21 WAF1 has a crucial role as an effector of multiple growth suppressor pathways and mediates both p53-dependent and -independent cell cycle arrest, while it also promotes cellular proliferation and exerts antiapoptotic effect, depending on the cellular context and circumstances. 34, 35 Newly formed p21 WAF1 is stabilized by FKBPL/WISP39, an adaptor that recruits HSP90 to p21 WAF1 , while its ubiquitination and degradation are promoted by three E3 ligase complexes SCF-SKP2, CRL4-CDT2 and APC/C-CDC20. [36] [37] [38] This study provides evidence supporting that ZNF313 is a novel E3 ligase of p21 WAF1 , which promotes its ubiquitination and degradation in response to multiple proliferative signals. ZNF313 depletion does not influence both the time and level of p21 WAF1 protein formation, while it profoundly delayed p21 WAF1 degradation, indicating that ZNF313 controls stability of p21 WAF1 but not of its synthesis. Several proteins involved in the ubiquitin-dependent proteolysis of p21 WAF1 , such as suppression function and oncogenic activity has not been firmly defined. Our study reveals that ZNF313 is upregulated commonly in multiple human tumor cells and tissues. Moreover, ZNF313 is progressively downregulated in cellular differentiation process in vitro and in vivo and its expression pattern correlates inversely with that of p21 WAF1 . In addition, ZNF313 inhibition of cellular senescence is disrupted by RING domain mutation. These findings thus suggest that abnormal elevation of ZNF313 may contribute to tumor development or progression by suppressing cellular differentiation and senescence at least partially through p21 WAF1 destabilization. Human chromosome 20q13 exhibits frequent genomic amplification in various human cancers. 3, 6, 7 A recent study also revealed that 20q12-q13.3 is the most frequently amplified region in gastric cancer. 42 Several genes located at this locus, such as AIB1 and BCAS1, have been shown to be involved in growth and aggressiveness of human cancers. 43, 44 However, biological functions of putative tumor-promoting genes in this region have not been well characterized. Our study suggests that ZNF313 might be a candidate proto-oncogene located at 20q13. We detected that approximately 41% (29 of 70) of human cancer cells derived from colon, breast, prostate, bladder and gastric tumors display strong expression of ZNF313 at both mRNA and protein level. Although specimen numbers we tested are not enough to draw a conclusion, our study also show that ZNF313 is more highly expressed in tumor versus normal tissues and its strong positivity is more frequent in advanced versus early cancers and metastatic versus primary tumors, supporting that altered expression of ZNF313 may contribute to malignant tumor progression.
In summary, we have shown that ZNF313 is a novel cell cycle activator, which promotes ubiquitination and degradation of p21 WAF1 . ZNF313 is activated by multiple growth factors and commonly upregulated in human cancers. ZNF313 inhibits cellular senescence and its downregulation is associated with cellular differentiation. Our findings provide an insight into the mechanisms underlying the biological role of ZNF313, and suggest that ZNF313 alteration may contribute to the pathogenesis of multiple human diseases and represent a new therapeutic target against human cancers.
Materials and Methods
Cell culture and construction of stable cell lines. Human and mouse cell lines were purchased from American Type Culture Collection (Rockville, MD, USA) or Korea Cell Line Bank (Seoul, South Korea). P53
À / À and p21 À / À sublines of HCT116 were provided by B Vogelstein (Johns Hopkins University, Baltimore, MD, USA). Primary mouse embryonic fibroblast cells (MEFs) were prepared from a 13.5-day postcoitum ICR embryo. C2C12 cells were treated with 2% horse serum to induce myotube formation. U2OS/Tet-XAF1 cells were generated by co-transfection of XAF1 (pcDNA4/TO) and tetracycline repressor vector (pcDNA6/TR) (Invitrogen, Carlsbad, CA, USA) and selection under blasticidin S (5 mg/ml) and zeocin (100 mg/ml). Cell cycle synchronization was achieved by serum starvation (G1), thymidine block (S), nocodazole treatment (G2-M) or mitotic shake-off (M), and validated using flow cytometry.
Yeast two-hybrid assay. Human liver cDNA library in Y187 yeast strain was purchased from Clontech (Mountain View, CA, USA). A full-length XAF1 was cloned into the pGBKT7 (Clontech) and transformed into AH109 yeast strain. A screening was performed by mating the two strains and plating those on a quadruple dropout medium. To confirm the interaction, the b-galactosidase activity was measured according to the standard protocol.
Immunoprecipitation and GST pull-down assay. Cells were lysed in a buffer containing MG132 (10 mM) and protease inhibitor cocktail. One milligram of total protein was incubated with antibodies for 3 h and then mixed with 50 ml of Protein A/G-agarose (Santa Cruz Biotechnology, Santa Cruz, CA, USA) for 2 h. For in vitro binding, GST-or 6His-fused recombinant proteins overexpressed by IPTG in BL21 strain were purified using Glutathione Sepharose 4B (GE Healthcare, Little Chalfont, UK) or Ni-NTA agarose (Qiagen, Hilden, Germany). GST or Ni-NTA pulldown assay was conducted by incubating target proteins for 2 h.
Immunoblotting, immunofluorescence and immunohistochemistry assay. Immunoblot analyses were performed using antibodies specific for XAF1 (C-16), ZNF313 (SM-3), p21 WAF1 antibody and fluorescent imaging was obtained with a confocal laser scanning microscope (Carl Zeiss, Jena, Germany). An immunohistochemical assay for human cancer tissues was carried out using tissue arrays (SuperBioChips Laboratory, Seoul, South Korea). Briefly, slides were incubated with ZNF313 or p21 WAF1 antibody overnight at 4 1C using biotin-free polymeric horseradish peroxidase-linker antibody conjugate system. Slides were counterstained with hematoxylin, dehydrated and visualized using an Olympus CK40 microscopy (Tokyo, Japan). Mouse brain tissues at embryonic day 18 (E18) and P0, P7 and P30 were prepared as described previously. 45 Semiquantitative RT-PCR assay. Our strategy for the semiquantitative reverse transcription-polymerase chain reaction (RT-PCR) analysis was described previously. 16 Briefly, 1 mg of DNase1-treated RNA was converted to cDNA by RT using random hexamer primers and MoMuLV reverse transcriptase (Life Technologies Inc., Gaithersburg, MD, USA). PCR was performed using 2 ml of 1 : 4 diluted cDNA (12.5 ng/50 ml PCR reaction) for 30-34 cycles at 95 1C (1 min), 58-62 1C (0.5 min) and 72 1C (1 min). Primer sequences are available upon request. Quantitation was achieved by densitometric scanning of the ethidium bromide-stained gels and analysis was performed using the Molecular Analyst software program (Bio-Rad, Hercules, CA, USA).
Expression plasmids, siRNA and transfection. Expression vectors for ZNF313 and XAF1 were constructed using a PCR-based approach as described previously. 15, 16 Short-interfering RNA (siRNA) duplexes against ZNF313 (siZNF313-1: 5 0 -GCUGCCGUAAGAAUUUCUU-3 0 ; siZNF313-2: 5 0 -GCCACC AUUAAGGAUGCA-3 0 and siZNF313-3: 5 0 -GGUCGAGUUCGUAUUGGUU-3 0 ) and XAF1 (5 0 -AUGUUGUCCAGACUCAGAG-3 0 ) and control siRNA duplex that served as a negative control were synthesized by Dharmacon Research (Lafayette, CO, USA). Transfection of siRNA was performed using siRNAOligofectamine mixture or electroporation (Neon transfection system; Invitrogen).
Cell cycle, apoptosis and colony formation assay. Cells were seeded at the density of 5 Â 10 4 cells and transfected with expression vector or siRNA. Cell numbers were counted using a hemocytometer at 24-h intervals. For cell cycle analysis, cells were fixed with 70% ethanol and resuspended in 1 ml of PBS containing 100 mg/ml RNase and 50 mg/ml propidium iodide. The assay was performed on a FACSCalibur flow cytometer (BD Bioscience) and the cell cycle profile was analyzed using MultiCycle software (Phoenix Flow Systems, San Diego, CA, USA). For colony formation assay, 1 Â 10 4 cells transfected with expression vectors were seeded in a 6-well plate and selected under 200 mg/ml of zeocin up to 2-3 weeks.
Senescence-associated b-galactosidase activity assay. Cells were fixed in PBS with 2% paraformaldehyde and 0.2% glutaraldehyde for 10 min at room temperature, and incubated in citric acid/disodium phosphate buffer (40 mM, pH 6.0) containing 1 mg/ml of X-gal (5-bromo-4-chloro-3-indolyl-b-D-galactopyranoside) and potassium ferricyanide (50 mM) at 37 1C for 16 h. To analyze SAHF formation, cells were stained with DAPI and analyzed by confocal microscopy.
